Abstract Terraced paddy fields play a crucial role in water and soil conservation because their water-storage capacity reduces flood peaks in mountainous areas. The water-storage capacity of a paddy field is mainly dependent on the size of the field, the height of the bund, and the outlet within the bund. However, the height of the bund and outlet can be reduced due to a lack of maintenance, especially when rice paddies have been abandoned. This study assessed the flood-control function of a terraced paddy field during heavy-rainfall events. The four-layered tank model calibrated by in situ rainfall-runoff measurements was applied to determine the effects of reducing the height of the bund and the outlet within the bund, on the drainage peak flow of terraced fields. The simulation results from two heavy-rainfall events indicated the excellent flood-control function of terraced paddy fields. The simulation results showed that the drainage peak flow underwent considerable changes when the height of the bund and outlet was reduced by more than 50%. Therefore, sustainable rice planting in the terraced paddies or maintenance of the water-storage capability in abandoned arable land is necessary to release downstream flood pressure.
INTRODUCTION
Rice paddies cultivated in monsoonal Asia provide high rice productivity and perform several environmental and ecological functions, including flood alleviation, groundwater recharge, water purification, soil-erosion control, air purification, and biodiversity conservation. The multifunctional roles of paddy fields have been 1020 Hydrological Sciences Journal -Journal des Sciences Hydrologiques, 59 (5) 2014 http://dx.doi. org/10.1080/02626667.2013.822642 acknowledged and discussed in several studies (Kim et al. 2006 , Matsuno et al. 2006 , Liu et al. 2010 . Compared with lowland rice-planted paddies, terraced paddy fields, which are located in the middle and upper areas of river basins, are crucial because of their soiland water-conservation function. The construction of terraced paddy fields must follow the land contours, flatness of the terrace surface, slope boundary bunds or embankments, and preservation of the natural geographical environments. Terraced paddy fields reduce flood damage by storing water within the bunds, similar to a rainwater cistern system during rainy seasons. However, local landform variation leads to small sowing areas, and mechanical cultivation is difficult in terraced paddies. In recent decades, rapid economic development has substantially reduced the availability of agricultural labour in Taiwan. Therefore, a large percentage of former terraced paddy fields have been abandoned or converted for other uses. The conservation of terraced paddy fields has become a critical environmental issue in Taiwan (Liu et al. 2004) . The environmental differences are considerable between terraced fields for rice cultivation, and those uses in upland conditions (Fig. 1) . In a paddy field, the construction of a bund enables rice cultivation under flood conditions, and storage of a portion of excess rainfalls; however, cracks on the topsoil surface and collapse of the embankment occur during fallow, especially for long-term applications of herbicide. When terraced paddy fields are converted for the cultivation of other upland crops, draining ditches must be constructed within the terraced field block to ensure free drainage of flood water. Under upland conditions, the elevation of the discharge outlet of each block must be reduced below the surface of the field. In addition, the maintenance of bunds is unnecessary because storage of water is not required for flooding cultivation. The bunds are demolished annually under natural conditions.
Because the terraced paddy fields play a crucial role in disaster prevention, the terraced paddy field rainfall-runoff mechanism must be examined in detail. Chen and Yang (2011) applied a revised tank model to assess the rainfall-runoff mechanism of terraced paddy fields under various types of rainfall events. The waterstorage capacity of a paddy field is mainly dependent on the size of the field, the height of the bund, and the outlet (or weir) within the bund. The experimental study conducted by Mishra et al. (1998) indicated that, in diked rice fields with various weir heights (6-30 cm at intervals of 4 cm), approximately 56.75% and 99.5% of the rainfall can be stored in plots with weir heights of 6 and 30 cm, respectively. Abandonment of terraced paddy fields is often associated with an increase in runoff and critical erosion processes (Yoshikawa et al. 2004 , Chen et al. 2012 . To assess the diminishing influence of flood alleviation for abandoned terraced paddy fields in a watershed, Hayase (1992) showed that, when the terraced paddies were abandoned, the height of the bund collapsed from 30 to 5 cm, the peak flow of a 100-year flood increased by 38%, and the peak flow of a 50-year flood reduced to that of a 25-year flood. Furthermore, the flood frequency may increase if terraced paddy fields are abandoned. Chen et al. (2012) also indicated that runoff significantly increased when terraced paddies were converted to planting with green manure. They attributed the large runoff to the lower discharge outlet position in the paddy bund that prevented the immersion of green manure plants in flooded water. This study assessed the flood-control function of terraced paddy fields. The four-layered tank model proposed by Sugawara (1972) uses the unit hydrographic method, runoff-function method, and storage-function method, and is considered a useful tool in rainfall-runoff simulations because of its simplified model frame, reasonable function in runoff response, and excellent simulation results (Chen et al. 2005) . This model was applied to determine the effects of reducing the height of the bund, and the outlet (or weir) within the bund, on rainfall-runoff of abandoned terraced paddy fields. The results may provide governmental agencies with a basis for evaluating policies concerning the conservation of terraced rice fields.
MATERIALS AND METHODS

Study site
The 0.75-ha experimental terraced rice field with uniform steep slope (approximately 25°) is located in Hsinchu County, northern Taiwan (Fig. 2 ).
According to climate statistics, the average annual precipitation is approximately 1949 mm, and the average annual temperature is 22.1°C in this region (Central Weather Bureau 2012a). Rice was planted for two rice-crop seasons in the paddy field during 2005. The height of each terrace is approximately 1.0-2.5 m. The paddy has gravel-or soil-packed sloped surface that allows free drainage of water from the outlet of the bund. Irrigation water is introduced from a nearby torrent intake through pipelines to the upper field block, and is distributed through the overflow to the remaining blocks of the terraced paddy. Drainage runoff occurs when rainfall exceeds the storage capacity of a paddy field, which is the elevation difference between the sill of the outlet within the bund and the water level at the time of rainfall. Field measurements of rainfall and volumetric discharge flux were conducted during 2005. An automatic rainfall recorder was placed downstream of the experimental terrace field to record at intervals of 15-min; the volumetric discharge flux, recorded at intervals of 15-min, was measured using a triangular weir with a water-level gauge (Global Fig. 2 Location of experimental site in Taiwan.
Water, Model WL400, Houston, TX, USA) placed at the discharge point downstream of the terraced field. The water-level gauge could achieve the accuracy of ±0.1%. The setting of triangular weir and the calculation of discharge were conducted following a standard method (JIS 2002) with the accuracy of ±1.4%. The measure accuracies could obtain the reasonable discharge data to support the relative study.
Theoretical analysis of the tank model
The study used the tank model proposed by Sugawara (1972) . This hydrological model is based on physical concepts, such as replacing the runoff mechanism with several storage tanks, and considers the complex hydrological factors that occur in a watershed. The relevant factors include infiltration, seepage, storage, evaporation, surface runoff, interflow, and baseflow. These factors were used to simulate the fixed-rate relation of rainfall-runoff in the basin (see Fig. 3 ).
During a rainfall event, part of the rainfall is stored in surface soil (the top tank), whereas the other part infiltrates the first aquifer (the second tank). During heavy rains, water in the surface layer eventually reaches the threshold (the water level in the top tank storage overruns the effluent outlet in the lower right corner). In this case, water flows across the surface layer and becomes surface runoff. Surface runoff increases rapidly if rainfall continues and the water content in this layer increases. Under this condition, the water level in the top tank storage overruns the effluent outlet in the lower right corner. When water from the top tank continues to infiltrate the second tank, it eventually reaches the threshold (i.e. the water level in the second tank storage overruns the effluent outlet in the lower right corner). Runoff that occurs in this layer is similar to a spring on the side of a mountain. The amount of groundwater stored in this layer is the same as the baseflow, which is
Key: ai orifice coefficient of outflow bi orifice coefficient of percolation Si storage depth for every respective orifice i (mm) Zi orifice height for every respective orifice i (mm) Qi runoff for every respective outflow orifice i (m 3 s -1 ) Fi infiltration for every respective percolation orifice i (mm) Fig. 3 Description of the tank model.
Application of a tank model to assess the flood-control functionintroduced to rivers during dry seasons. The total runoff in the basin is equal to the total amount of water flowing out of the lower right corner of each tank. When the tank model is used to illustrate the corresponding outflow components, the top tank outflow represents surface runoff, the second tank outflow represents interflow, and the outflow in the third and fourth tanks represents the baseflow. The amount of water infiltrated from the lowest bottom opening becomes the seepage loss of the base layer. If the storage water level does not reach the height of the effluent outlet, only the infiltration processes occur. This height represents the first flush loss or rainfall absorbed by dry soil. Because the tank model uses the unit hydrograph method, runofffunction method, and storage-function method, it is easy to use and produces useful simulation results. Therefore, several researchers have used the tank model. The runoff-calculation method and characteristics of this model are as follows (Chen and Yang 2011): (a) The model automatically includes the first flush loss and the amount of loss variation during rainfall. They can be determined by the effluent height of the top tank and the infiltration hole. (b) The model shows that runoff increases with rain intensity. The top tank may have several effluents. (c) The storage height of the top tank and the river outflow increases in conjunction with the rainfall intensity. When the rainfall intensity decreases, most of the rainwater infiltrates the lower tank, and slowly flows into the river. This study used a tank model with a single straight column configuration. (d) The amount of effluent from each tank has its own steadily descending curve pattern. The sum of runoff components with various descending properties represents the amount of effluent. This study used several tank combinations with a straight column configuration. (e) As the rainwater moves from one tank to the lower tank, the time is delayed automatically. Therefore, the runoff component of the lower tank is delayed naturally. This study used a tank model with a single straight column configuration. (f) The model includes the common features of the unit hydrograph method, runoff-function method, and storage-function method.
(g) Only add, subtract, and multiply calculations are required for runoff calculations. (h) The main disadvantage of the tank model is that its parameters (e.g. the height of each tank effluent and the initial value of storage height in each tank) must be determined by trial and error. Chang et al. (2001) indicated that an excessive number of tanks will only increase the time needed for calculation and the improvement of the simulation results is limited. In fact, a simplified two-layered tank model is also suitable for paddy fields (Chang et al. 2001, Chen and Yang 2011) .
Parameter calibration
The paddy fields are surrounded by an earthen bund and are usually shallowly flooded during most of the growing seasons. When the water level exceeds the outlet height within the bund, the runoff starts immediately. The further overflow through the bund will happen during continuous heavy rainfall. Because the tank model is a hydrological model based on physical concepts, the parameters of the tank model also have certain physical connotations. When the tank model is used to illustrate the corresponding outflow components, the top tank can be analogous to a paddy field, and the outflow components (see Fig. 3 ) represent surface runoff from such agricultural environment in which the bund and outlet heights can be described with orifice heights in the top tank of this model. It is possible to shrink their upper and lower limits during the calibration based on a real situation, especially for the top tank. For example, Z1 is the boundary bund height (140-160 mm) investigated in the experimental field, whereas Z2 is the outlet height within the bund (40-60 mm). The four-layered tank model in this study requires the calibration of 16 parameters. The study used the Shuffled Complex Evolution (SCE) method, which was designed as an effective automatic calibration tool for parameter calibration in optimization problems (Duan et al. 1992 (Duan et al. , 1994 . This global optimization algorithm involves controlled random search, competitive evolution, and complex shuffling concepts. To obtain a set of reasonable parameters, limited conditions must be considered in the calibration process, as follows:
where a, b and Z are the outflow outlet parameters, infiltration parameters, and outlet height (mm), respectively. Equations (1)- (4) indicate that the sum of the outflow and infiltration parameter values for each tank must be less than or equal to one. Equation (5) implies that the height of the outflow outlet in the first tank cannot be inverted.
Evaluation index of tank model
To assess the feasibility of using the tank model in predicting rainfall-runoff of terraced paddy fields, various error indices were used for hydrological simulation testing based on the relation between measured and simulated flow rate. Table 1 shows five common indicators in statistics and hydrology to assess the performance of each simulation model. The root mean squared error (RMSE) and the coefficient of efficiency (CE) were used to assess the goodness-of-fit of the model, error of time to peak (ETp), and the percent error of peak discharge (EQp) were used to judge the accuracy of the flow peak in the simulation, while percent error of total volume (EV) was an assessment between the calculated total runoff volume and effective rainfall volume based on water-balance principles. Superior model performance and more accurate estimated hydrological results can be obtained when RMSE, EQp, and EV are closer to zero. A superior estimated time to peak flow can be obtained with a smaller ETp. The simulated and observed data become closer as CE reaches unity.
RESULTS AND DISCUSSION
Calibration/verification of the tank model with in situ measurements
Calibration of the tank model is the process of adjusting model parameters within the expected range to minimize the difference between predicted and observed values. Based on the collected rainfall and flow-rate data, two heavy-rainfall events, including a typhoon event and a long-duration Plum rain front were chosen to conduct the calibration and verification processes. According to Taiwanese precipitation classification standard (Central Weather Bureau 2012b), only Typhoon Matsa and the Plum rain reached the standard of "Extremely Heavy Rain" in 2005, which means the 24-h accumulated rainfall exceeded 130 mm. The extremely heavy-rainfall events tend to result in flood pressure in the downstream area. Table 2 shows the total rainfall and peak flow of these rainfall events. The typhoon rainfall event in August 2005 (Typhoon Matsa, Event 1), with the highest total rainfall compared with the other three typhoon events, was selected to calibrate the parameters of the tank model. Figure 4 (a) shows the calibrated results of the tank model. As shown in the figure, the simulated values are consistent with the experimental values. According to the calculation of the evaluation index (Table 3) , the RMSE of the tank-model calibration was 0.0017, the CE was 0.8344, the EQp was 24.75%, the ETp was 0 min, and the EV was 3.77%, which indicated reasonable simulation performance. The optimal parameter set ( Table 4) was Table 1 Formula of the tank-model evaluation index. Application of a tank model to assess the flood-control functionsubsequently used to verify another rainfall event in May 2005 (Plum rain, Event 2). Figure 4 (b) shows the simulation results for Event 2 based on the optimal parameter set. The overall shape of the simulated hydrograph also indicates excellent performance. The simulated peak flows and their actual values were almost the same. The ETp was 15 min; however, a smoother recession section occurred when compared to the observation values. The RMSE of this rainfall event was 0.0015, whereas the CE was 0.80, the EQp was -4.62%, and the EV was -12.54% (Table 3) . It is noted that the recession part is not simulated well compared with the observed one. The phenomena may be due to the shallow underground water from outside after a longduration rainfall. Yoshikawa et al. (2004) indicated that on mountain slopes, the shallow underground water sometimes exits the soil surface and returns underground. Because it is difficult to measure the quantity of inflow water from outside via subsurface route, no modification could be made to improve this fault.
Although EV and EQp were relatively higher, the estimation of the actual flow rate in the two simulated hydrographs was almost accurate. The results indicated that the overall performance of the tank model is suitable for predicting the rainfall-runoff in the environment of terraced paddies.
Assessment of flood-control function of terraced paddy field
The calibrated tank model and two heavy-rainfall events were used to simulate the change of outlet runoff under the conditions in which the heights of the bund and outlet are reduced or demolished because of a lack of maintenance or abandonment. Assuming the heights of the bund and outlet were reduced by the same percentage during each simulation, and based on the optimal parameters 
Z1
= 141.7 mm and Z2 = 55.6 mm, various reduction percentages of the height of the bund and outlet were considered. In the simulations, conditions of the paddy field hydrological system other than the heights of the bund and outlet remained the same, and no irrigation water was applied to the paddy field during heavy-rainfall events. The initial ponding water depth was set to be the same as the height of outlet during each simulation. Table 5 shows the simulation results of peak flow values and the percentage increases of peak flow for two rainfall events under various percentage decreases of the height of the bund and outlet. Compared with the simulated peak flow value under a normal condition (no change in the height of the bund and outlet), for Event 1, assuming that the height of the bund and outlet was reduced by 20% and 30%, respectively, no significant difference was observed in the simulated peak flows, which were increased by 1.40% and 2.10%, respectively. A significant difference in the simulated peak flows was observed when the height of the bund and outlet was reduced by more than 40%. Assuming the height of the bund and outlet was reduced by 40%, 50% and 100%, the simulated peak flows increased by 106.72%, 297.40% and 533.63%, respectively (Table 4 ). Figure 5 shows the significant differences in the simulated peak flows for Event 1. In the event of the complete disappearance of the bund, water cannot be stored in the field blocks, and an increase in the rainfall intensity that increased during a short period forms a single sharp flow peak.
For Event 2 (long-duration of Plum rain), assuming the height of the bund and outlet was reduced by less than 40%, no significant differences were observed in the simulated peak flows; for example, when the height of the bund and outlet was reduced by 40%, the peak flow increased by 11.56%. A significant difference in the simulated peak flows was observed when the height of the bund and outlet was reduced by 50% and 100%, resulting that the simulated peak flows were increased by 282.95% and 369.33%, respectively (Table 5 ). Figure 6 shows the significant differences in the simulated peak flows for Event 2. Sharp flow peaks were also observed in the case of complete disappearance of the bund.
The overall simulation results showed that the drainage peak flow increased rapidly when the height of the bund and outlet reduced by more than 50%, especially in the case of complete disappearance of the bund, resulting in flood disaster pressure in the downstream area.
Discussion
We collected rainfall-runoff data from an experimental flooded paddy field and investigated the environmental changes in cultivated and abandoned paddy fields. Considering the small area (0.75 ha) of the experimental site, and its location on the hillside, we used the universal four-layered tank model to simulate the hydrological process for different rainfall events. Arranging the tank models in a cascade in space may be a good choice, but it means the number of parameters must be increased (multiple of 16). Sugawara (1986) suggested that a series of a fourlayered tank models spatially arranged in a cascade can be used in a large-scale watershed which is divided into a number of sub-watersheds with different hydro-climatic conditions. For the small area of the experimental site, our study proved that a fourlayered tank model arranged in a straight column is suitable and achieved good simulation results. The four-layered tank model was applied to determine the effects of reducing the height of the bund and the outlet within the bund on rainfall-runoff of abandoned terraced paddy fields. The calibration process indicated that the overall performance of the tank model is suitable for predicting rainfall-runoff in the environment of terraced paddies. When the height of the bund and outlet were reduced, the simulation results from various rainfall events showed a substantial decrease in the water-storage capacity of terraced fields. By contrast, Chang et al. (2001) showed the Application of a tank model to assess the flood-control functioneffects of increased bund height on the hydrological system of paddy fields in Taiwan. Various bund heights were considered, and the result showed that when the bund height increased the peak flow and the volume of the drainage decreased and the time to peak flow was delayed.
To increase the agricultural water-use efficiency in Taiwan, the continuous irrigation method, which maintains a flooded water depth of 5-6 cm for rice plants (except during weeding, fertilizing, and harvesting), has been replaced by a novel irrigation scheme, known as rotational irrigation, in plain areas. In this scheme, irrigation water is supplied in appropriate quantities at the ideal time and in the proper order to ensure that all rice paddies receive their minimum water requirements; for example, during 5-to 8-day periods, a total of 6-8 cm water is supplied to the rice paddies only on the first day (Chen and Liu 2002) . Chang et al. (2007) proposed an irrigation scheme called deepwater management practice for soil and water conservation. Deepwater management practice is applied during the panicle- formation stage, by increasing the maximum water depth to 25 cm. Compared with traditional water management, the increased application of water to rice plants may improve the productivity and rice quality; the efficient rainfall increased 43.2%, and the runoff coefficient decreased from 0.67 to 0.53 with a decline rate of 21.3%. To introduce more water into the rice paddies, the height of the bunds around the paddy fields must be increased, which enables the paddy fields to function as effective rainwater cistern systems during wet seasons. Moreover, an increase of the ponding depth to 20 cm will result in better weed control than other ponding depths (Bhagat et al. 1996) , thus improving the productivity of high-quality rice cultivation (Kiyochika 1994) .
The overproduction of rice after Taiwan became a member of the World Trade Organization has created substantial pressure on rice cultivation, particularly rice production in terraced paddy fields. The disadvantages of hydrology and the limitations of terraces increased the production costs, compared with plain paddy fields. Ageing farmers and a lack of young labourers are also disadvantages of terraced paddy fields. Consequently, most terraced paddy fields have been abandoned or converted for growing green manure, or upland fruit trees, vegetables, and horticultural plants, in accordance with government policies.
The evaluation of flood risk due to changes in management practices or land use for sloping agricultural fields is crucial (Cheng et al. 2008 , Durán et al. 2012 , and poor management and abandoned cultivation of terraced paddy fields can be regarded as the major contributors of the increase in peak flow in the downstream area. Deepwater management practices may be an excellent approach to increase the water-storage capacity in the remaining floodcultivation terraced paddy fields. For the abandoned terraced paddy fields, it is suggested that the relevant government agency must formulate effective measures to recover rice plantations or provide financial support to farmers to maintain the bund, which serves as a rainwater cistern system.
CONCLUSIONS
This study assessed the flood-control function of terraced paddy fields by using a conceptual hydrological model that regarded the paddy field as a series of tanks. The SCE technique was proposed for the estimation of model parameters. The model calibrated by in situ rainfall-runoff measurements was proven to be useful for studying rainfall-runoff of the terraced paddy fields. The calibrated tank model was applied to determine the effects of reducing the height of the bund and the outlet within the bund on the rainfall-runoff of terraced fields. The simulation results from various rainfall events showed the excellent capacity of terraced paddy fields for flood-control under flooding conditions. The drainage peak flow underwent considerable changes when the height of the bund and outlet was reduced by more than 50% during various heavy-rainfall events. For the increasing abandoned terraced paddy fields, it is suggested that the relevant governmental agency must formulate effective measures to recover rice plantations or provide financial support to farmers to maintain the bunds, as they serve as a rainwater cistern system to release downstream flood pressure. 
